Fractionation of commercial preparations of lipoteichoic acids (LTA) by hydrophobic interaction chromatography (HIC) and nuclear magnetic resonance spectroscopy revealed very inhomogeneous compositions and decomposition of the LTA structure: LTA content of the preparations averaged 61% for Streptococcus pyogenes, 16% for Bacillus subtilis, and 75% for Staphylococcus aureus. The decomposition was characterized by a loss of glycerophosphate units as well as alanine and N-acetylglucosamine substituents. All preparations containedto varying degrees-non-LTA, non-lipopolysaccharide (LPS) immunostimulatory components as indicated by their elution profile in HIC, lack of phosphate, and negative Limulus amoebocyte lysate (LAL) test results. After purification, the commercial LTA from Bacillus subtilis and S. pyogenes but not LTA from S. aureus induced the release of tumor necrosis factor alpha, interleukin 1 beta (IL-1␤), IL-6, and IL-10 in human blood. While pure LTA are negative in the LAL assay, endotoxin equivalents of more than 10 ng of LPS/mg of LTA were found in the commercial preparations. Taken together, these data indicate that these crude preparations with relatively high endotoxin contamination are not suitable for characterizing the activation of immune cells by LTA.
Gram-negative bacteria are recognized by the innate immune system via their endotoxins, i.e., lipopolysaccharides (LPS), which are components of the outer membrane (28) . No structural equivalent to LPS has been clearly identified in gram-positive bacteria, although the inflammatory immune response to gram-negative and gram-positive bacteria can hardly be distinguished by the symptoms. Recently lipoteichoic acids (LTA) from the cytoplasmic membrane of gram-positive bacteria (7) have become increasingly recognized as an immunostimulatory principle (1, 5, 10, 18, 25, 26, 32) . For example, commercial preparations of LTA from Staphylococcus aureus were shown to exhibit potent immunostimulation in vitro (3, 11) and in vivo (4) .
It was demonstrated, however, that a potent immunostimulatory nonhydrophobic phosphate-containing fraction can be separated from commercially available S. aureus LTA by reverse-phase chromatography (20, 21) ; the resulting purified LTA had no immunostimulatory potential but instead inhibited CD14-mediated activation of monocytes by LPS. Also, separation of immunostimulatory glycerophosphate-containing glycolipid fractions from otherwise inactive LTA was reported for Enterococcus hirae (13, 14, 31, 34) , employing, in sequence, hydrophobic interaction chromatography (HIC) and anion exchange chromatography on DEAE. The latter findings raised doubts as to the immunostimulatory potential of LTA in general. However, we have shown recently that decomposition of LTA from S. aureus during phenol extraction results in the loss of its immunostimulatory potential. We developed a gentler extraction procedure using butanol, which yielded bioactive, pure LTA (24) . A recent report (9) again raised the problem of endotoxin contamination of commercial LTA preparations (17, 33) .
This study addresses the immunostimulatory potential of commercial LTA from three bacterial species which we purified by HIC and analyzed by nuclear magnetic resonance (NMR). It aims to resolve some discrepancies reported between experiments with crude commercial extracts and those with highly purified material.
MATERIALS AND METHODS
Chromatography of commercial LTA from S. aureus, S. pyogenes, and B. subtilis on octyl-Sepharose. Twenty-five milligrams of LTA from S. aureus, Streptococcus pyogenes, or Bacillus subtilis (Sigma, Deisenhofen, Germany), dissolved in equilibration buffer, was subjected to chromatography on an octyl-Sepharose column (6, 8) (CL-4B, 1.5 by 29 cm; Amersham Pharmacia Biotech) equilibrated with 0.1 M sodium acetate buffer (pH 4.7, 15% propanol). The column was washed with 40 ml of equilibration buffer at 15 ml/h. Elution was performed using a linear gradient (15 to 60% propanol, 150 ml each) in 0.1 M sodium acetate buffer at 15 ml/h. Aliquots of 4 ml each were collected, and their phosphate content was determined (29) . All fractions were negative for endotoxins in the chromogenic Limulus amoebocyte lysate (LAL) assay (Hämo-chrom, Essen, Germany), i.e., the LAL reactivity was lower than that for 1 pg of LPS/ml. The purified LTA were analyzed for chain length, chain substitution, and lipid anchor structure by NMR.
Improved preparation of LTA from S. aureus and B. subtilis. A more gentle structure-preserving isolation procedure was reported recently (24) . Briefly, the classical phenol-water extraction at 68°C and subsequent dialysis were replaced by butanol extraction at room temperature and lyophilization. B. subtilis (DSMZ 1087) and S. aureus (DSM 20233) were grown in 4-liter shakers and 42-liter fermenters, respectively. After harvest by centrifugation at 4°C, the pelleted bacteria were sonicated (Branson, Danbury, Conn.) on ice or alternatively disrupted with a cell mill (Büchi, Uster, Switzerland).
NMR analysis of LTA. NMR of LTA was undertaken at 600.13 MHz ( 1 H) and 300 K. The NMR spectra were referred to 3-(trimethylsilyl) 3,3,2,2-tetradeuteropropionic acid Na salt. Homonuclear assignments were taken from doublequantum filtered correlation spectroscopy, total correlation spectroscopy, rotating frame Overhauser enhancement spectroscopy, and nuclear Overhauser effect spectroscopy (DQF ϭ COSY, TOCSY, ROESY, and NOESY, respectively) spectra. 13 C assignments were based on heteronuclear multiple-quantum correlation.
The average chain length of the phosphoglycerol backbone and the degree of substitution were quantified directly from the 1 H NMR integrals of LTA. The integral ratio of ␦ H 5.4 and ␦ H 5.08 as well as the integral ratio of ␦ H 1.62 and 2.1 yielded the ratio of D-alanine to ␣-D-N-acetylglucosamine (GN). The total amount of glycerol was determined from the integral ␦ H 3.7 to 4.2 (corrected for the underlying five GN resonances) plus the glycerol methine resonance at ␦ H 5.4.
Whole-blood cytokine response. Incubations of human whole blood in the presence of the bacterial stimuli were performed essentially as described previously (12) . Briefly, 200 l of heparinized whole blood freshly taken from healthy volunteers was diluted fivefold with isotonic sodium chloride solution. After addition of the bacterial stimuli, the samples were incubated in polypropylene vials (Eppendorf, Hamburg, Germany) in the presence of 5% CO 2 at 37°C for 18 h. Then, after shaking, the cells were pelleted by centrifugation (400 ϫ g, 2 min) and the cell supernatants were stored at Ϫ70°C for cytokine determination. Endotoxin from Salmonella abortus equi (Sigma) served as the control stimulus.
Cytokines were measured by commercial ELISA for interleukin 1 beta (IL-1␤) (Quantikine; DPC Biermann, Bad Nauheim, Germany) or with ELISAs based on antibody pairs against human tumor necrosis factor alpha (TNF-␣), IL-10, and IL-6 (Pharmingen, Hamburg, Germany). Binding of biotinylated antibody was quantified using streptavidin-peroxidase (Jackson Immuno Research, West Grove, Pa.) and the substrate TMB (3,3Ј,5,5Ј-tetramethylbenzidine) (Sigma). Recombinant human cytokines serving as standards were from G. Adolf (Bender, Vienna, Austria) (TNF-␣), Pharmingen (IL-10), and Genzyme (Ruesselsheim, Germany) (IL-6).
Human recombinant soluble CD14 employed in some incubations at 10 g/ml was a generous gift of H. Lichenstein (Amgen, Boulder, Colo).
Statistics. Statistical analysis was performed using the GraphPad InStat program (GraphPad Software, San Diego, Calif.). Data are given as means Ϯ standard errors of the means. Cytokine levels are given per milliter of blood, i.e., corrected for the dilution factor 5 in the 20% blood incubation.
RESULTS
Early reports describe potent immunostimulatory activity of commercial LTA preparations from S. aureus (4, 18) , while highly purified preparations were found to be essentially inactive in vitro (1, 18, 20) . We performed a HIC of commercial S. aureus LTA. The elution profile of TNF-␣ stimulatory activity in human whole blood and phosphate content is depicted in Fig. 1A . LTA eluted, as indicated by the second phosphate peak, in a typical manner between propanol concentrations of 22 and 32%. In contrast, TNF-␣ stimulatory activity eluted in earlier and later fractions. It is noteworthy that considerable variations in repeated experiments were found using different lots of this commercial LTA material. This LTA, purified from the commercial sample, contained N-acetyl glucosamine, Dalanine, and hydroxyl groups in molar ratios to glycerol of 0.05, 0.20, and 0.75, respectively. The integral ratio of glycerol and the ␣-methylene group identified an average chain length of n ϭ 25. Comparing LTA from S. aureus isolated according to the improved preparation method (24) with commercial LTA shows a different composition pattern (Table 1) .
After purification, the commercial LTA from S. aureus, representing about 75% of the original preparation as measured by the phosphate determination, was essentially ineffective in inducing cytokines in human whole blood cultures. Its concentration-response curve for monokine (TNF-␣) induction was shifted to the right by more than 2 orders of magnitude compared to the original commercial material or to butanol-extracted LTA from S. aureus (Fig. 2) . The more hydrophobic fractions 49 to 80 in Fig. 1A containing no measurable amounts of phosphate, and thus no LTA, significantly induced TNF-␣ release in human whole blood. Those fractions tested negative in the LAL assay (Ͻ 1 pg of LPS/ml), and the TNF-␣ induction by these fractions was abolished in the presence of sCD14 (data not shown). Thus, the unknown stimulus represents neither LPS nor LTA but most probably a ligand of membrane CD14, since sCD14 is competing with activation.
In a series of similar experiments, a commercial LTA from B. subtilis was analyzed. The different lots tested contained about 16% Ϯ 1% (n ϭ 3) LTA according to phosphate determination. The HIC of one typical sample is depicted in Fig. 1B . In this case, TNF-␣ stimulatory activity eluted together with LTA, but considerable activity was also found in earlier and later phosphate-free fractions. The dose-response curves for commercial, commercial repurified, and butanol-extracted LTA from B. subtilis were similar to those for S. aureus (Fig. 2) .
Furthermore, the commercial LTA from B. subtilis was contaminated with DNA (typical unstructured 1 H NMR signal between 5.5 and 6 and between 7.5 and 8.5 ppm) as shown in Fig. 3 . Table 1 shows differences in the degree of substitution of butanol-extracted and commercial LTA of B. subtilis. A similar pattern was found for commercial LTA from S. pyogenes (data not shown). NMR of the butanol-extracted LTA from B. subtilis allowed the deduction of its structure (Fig. 4) , which was similar to that reported previously for S. aureus (24) . Beside the differences in the polyglycerophosphate backbone (Table 1) , the most obvious difference was the shorter fatty acids of the lipid anchor (mean C 14 compared to C [16] [17] [18] for S. aureus). In both LTA, gentiobiose represented the carbohydrate of the glycolipid anchor.
When the commercial LTA preparations were subjected to a LAL test, a reactivity comparable to that for 10 to 100 ng of reference endotoxin was found per mg of LTA. In contrast, HIC-purified LTA from S. aureus as well as B. subtilis was essentially negative in the LAL assay, i.e., Ͻ30 pg of LPS equivalent/mg of LTA. These data suggest that the commercial preparations are contaminated with a relevant endotoxin contamination, e.g., stimulation of whole blood with 10 g of LTA/ml will include more than 100 pg of contaminating endotoxin/ml, while the threshold of cytokine induction is around 3 pg of LPS/ml in this system. These data suggest that at 10 g of commercial LTA/ml, 100 pg to 1 ng of LPS is present, which suffices to explain the TNF-␣ induction observed. Therefore, the LAL-negative 10 g of butanol-extracted LTA/ml was added to the whole-blood incubations to characterize the pattern of further cytokines induced.
Both LTA stimulated whole blood to release cytokines in addition to TNF-␣; the release of the cytokines IL-1␤, IL-6, and IL-10 is shown in Table 2 . Ten micrograms of purified LTA or LPS/ml induced these cytokines at concentrations in the same order of magnitude after 24 h of incubation. These data indicate that only about 1% of the immunostimulatory activity of commercial preparation can be attributed to LTA itself. For both bacterial species, the novel preparation method resulted in highly purified, essentially LPS-free LTA more potent than the commercial preparation. In comparing the repurified commercial LTA from B. subtilis with the butanolextracted one, a 1,000-fold difference in potency was found. In conclusion, appropriately purified LTA have the potential to induce a variety of inflammatory mediators from human monocytes. 
DISCUSSION
Conflicting results gained with commercial and highly purified LTA preparations with regard to cytokine induction were reported previously by Keller et al. (18) and Gao et al. (9) . The most striking contradiction was observed with regard to LTA from S. aureus, which was a very potent stimulus for immune cells in some studies but failed to induce effects in others. In line with reports from Gao et al. (9) and Kusunoki et al. (20), we demonstrated that HIC purification of S. aureus LTA from the potent commercial material abolished the immunostimulatory potential. We have recently shown that the immunostimulatory activity of LTA from S. aureus is lost due to decomposition during phenol extraction (24) .
In line with this report, the commercial phenol-extracted LTA showed decomposition of LTA characterized by the loss of glycerophosphate repeats (S. aureus; mean n ϭ 48, down to 25). In parallel, a dramatic loss of D-alanine and N-acetylglucosamine substituents was observed. The same observation was made in comparing commercial and butanol-extracted LTA from B. subtilis. All batches of the three commercial LTA contained considerable contamination by non-LTA (no phosphate), non-LPS (no LAL reactivity) immunostimulatory contaminations in HIC fractions not typical for either LTA or LPS. NMR analysis suggests, at least for B. subtilis LTA, a major contamination by bacterial DNA, which has well-known immunostimulatory effects. This contamination impaired the determination of chain length by NMR of the commercial LTA from B. subtilis.
Our findings raise doubts as to the purity and quality of the commercial preparations. In view of these observations, results obtained with such preparations should be considered with caution. Especially, this might explain why Cleveland et al. found a CD14-dependent induction of IL-12 in human monocytic THP-1 cells by using this commercial LTA preparation (2), while highly purified LTA from the same bacterial species, in contrast to endotoxins, failed to induce any IL-12 in human whole blood in our hands (15) . The immunostimulatory activities of the commercial preparation of S. aureus have to be attributed to yet-unidentified components other than LTA and FIG. 2. Concentration-dependent induction of TNF-␣ in human whole blood by commercial, commercial HIC-purified, and butanol-extracted LTAs. Twenty percent whole blood from three donors was incubated in the presence of the concentrations of different LTA indicated for 24 h. TNF-␣ was measured in the cell supernatant by ELISA. Commercial LTA from B. subtilis and LTA from S. aureus were purified by HIC, pooling the phosphate-containing hydrophobic fractions. The start material was compared to this preparation as well as a butanol-extracted LTA from the same species prepared in our laboratory. LPS contaminations. However, reports on the potent activity of heat-killed S. aureus (16) support the existence of immunostimulatory surface components in line with our previous report (24) . The fact that LTA derived from phenol extraction had lost both glycerophosphate units and substituents shows that repurification of commercial LTA (19, 20) does not abolish the limitations of these preparations. In contrast to LTA from S. aureus, which loses most of its immunostimulatory activity when isolated by phenol, this does not hold true for LTA in general. In a recent study, phenol-extracted LTA preparations from 13 other bacterial species of purity comparable to that of our butanol-extracted preparations were found to be activators of monokine release (15) , although in general, higher concentrations of LTA are required to initiate monokine release comparable with the potent LPS from Escherichia coli and Salmonella species. Nevertheless, the potency of LTA was comparable to that of LPS from Pseudomonas species (24).
The contamination by endotoxin and the crude nature of the extracts might explain current conflicting results concerning the involvement of toll-like receptors in the signaling of LTA: recently published data indicate a role of toll-like receptor 2 (tlr-2) in recognition of whole gram-positive bacteria and a commercial LTA preparation (30, 37, 39) , but macrophages from tlr-4 knockout mice lacked any response to commercial LTA (36) . Earlier reports on a contribution of tlr-4 (35, 36, 38) might have resulted from the poor quality and LPS contamination of the commercial LTA preparations employed. For our butanol-extracted LTA from both S. aureus and B. subtilis we have shown exclusive signaling via tlr-2 (22, 23, 27) .
Taken together, the heterogeneity of commercially available LTA preparations does not allow characterization of immunostimulatory activities of LTA. The crude nature of the extracts, LPS contaminations, and the nonappropriate phenol extraction resulting in partial decomposition, especially in the case of LTA from S. aureus, make this material unsuitable for study of immune activation by LTA. a LPS from Salmonella abortus equi (S. a. e.) (Sigma) was repurified by HIC and compared to butanol-extracted LTAs from S. aureus and B. subtilis. All stimuli were incubated at a concentration of 10 g/ml in whole blood (n ϭ 6). The cytokine response after 24 h of incubation was measured by ELISA. The data are means Ϯ standard errors of the means. In the absence of stimuli, no significant release of these monokines was found. The paired raw data were tested against results with LPS for significance. Single asterisk, P Ͻ 0.05. Double asterisk, P Ͻ 0.01. 
